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Introduction {#sec001}
============

Whether in the mammalian gastrointestinal tract or any other site of infection, proteases are critical for bacteria to uptake nutritional resources, evade the immune response and colonize the site of infection \[[@pone.0228959.ref001]--[@pone.0228959.ref003]\]. Members of the serine protease autotransporters of Enterobacteriaceae (SPATE) family are among the group of proteases that have been shown to be relevant in the pathogenicity of different bacteria \[[@pone.0228959.ref004]--[@pone.0228959.ref006]\].

SPATE comprises a large group of trypsin-like serine proteases secreted by enteropathogens such as *Escherichia coli*, *Shigella*, *Salmonella* and *Citrobacter* species \[[@pone.0228959.ref003],[@pone.0228959.ref005]--[@pone.0228959.ref007]\]. These proteins are characterized by the presence of three domains: an N-terminal signal sequence; an extracellular passenger domain, surface exposed or secreted, which exhibits the serine protease GDSGS motif; and a C-terminal β-barrel domain, anchored to the outer membrane \[[@pone.0228959.ref004],[@pone.0228959.ref008]\]. These proteins use the type V, or autotransporter (AT), secretion system for exporting to the extracellular space \[[@pone.0228959.ref009]\]. Phylogenetic analysis clustered SPATE members into two groups: class-1, including those with cytotoxic activities; and class-2, including proteases with mucinolytic and immunomodulatory activities \[[@pone.0228959.ref007]\].

Sat (secreted autotransporter toxin) is a class-1 SPATE whose passenger domain generates a 107-kDa protein. This protein was first described in an uropathogenic *E*. *coli* (UPEC) isolated from acute pyelonephritis \[[@pone.0228959.ref010]\]. The role of Sat in urinary tract infection (UTI) was demonstrated in a mice model of ascending UTI with Sat-producing UPEC. Histological changes on glomerular membrane and vacuolation of proximal tubule cells were found \[[@pone.0228959.ref010]\].

Although Sat's mechanism of action is not fully understood, the best characterization of Sat to date was obtained in cell lines originated from kidney and bladder. The toxin appears to enter these cells and cleave cytoskeleton-associated proteins \[[@pone.0228959.ref011]\], where vacuolization and cell elongation were also found \[[@pone.0228959.ref012]\]. In addition to these, effects related to autophagy induction \[[@pone.0228959.ref013]\] and degradation of coagulation factor V \[[@pone.0228959.ref014]\] were described and attributed as an important virulence factor of UPEC.

In diarrheagenic bacteria, most published studies refer only to the detection of *sat* gene. The presence of *sat* has already been described in *Shigella* \[[@pone.0228959.ref010],[@pone.0228959.ref015]\], enteropathogenic *E*. *coli* (EPEC) \[[@pone.0228959.ref010],[@pone.0228959.ref016],[@pone.0228959.ref017]\], enterotoxigenic *E*. *coli* (ETEC) \[[@pone.0228959.ref010],[@pone.0228959.ref016]\], diffusely adherent *E*. *coli* (DAEC) \[[@pone.0228959.ref013],[@pone.0228959.ref016],[@pone.0228959.ref018]\] and enteroaggregative *E*. *coli* (EAEC) \[[@pone.0228959.ref019],[@pone.0228959.ref020]\], in which the protein was identified in culture supernatants by mass spectrometry \[[@pone.0228959.ref019]\].

Studies correlating Sat toxin with infection of enteric pathogen were performed with DAEC using animal model \[[@pone.0228959.ref021]\] and polarized intestinal cells \[[@pone.0228959.ref018]\]. Sat expression by DAEC strain carrying Afa/Dr fimbria induced rearrangement of tight junctions of polarized intestinal cells \[[@pone.0228959.ref018]\]. Since Afa/Dr DAEC strains are responsible for infection in the gastrointestinal and urinary tract, Sat could be an important virulence factor in both infection niches \[[@pone.0228959.ref018]\]. Also, purified Sat from culture supernatant of a probiotic *E*. *coli* (Nissle 1917) altered the permeability of polarized Caco-2 cells \[[@pone.0228959.ref022]\]. On the order hand, infection of polarized Caco-2 cells by the Nissle 1917 strain did not affect cell permeability, suggesting that Sat does not act as a virulence factor in the intestine when present in commensal *E*. *coli* \[[@pone.0228959.ref022]\]. These findings clearly demonstrated that the action of native Sat may be dependent of the bacterial background \[[@pone.0228959.ref022]\].

More recently, different studies have found *sat* in bacterial strains originated from sites of infection other than the urinary tract and intestine \[[@pone.0228959.ref023]--[@pone.0228959.ref029]\]. Similarly, *sat* has been described as the second most prevalent SPATE gene in *E*. *coli* strains isolated from neonatal sepsis \[[@pone.0228959.ref023]\] and detected in an *E*. *coli* strain causing a fatal neonatal meningitis \[[@pone.0228959.ref024]\]. These findings suggest that Sat may have some relevance in the pathogenesis of these bacteria and show the relevance of expanding the study of cytotoxicity by comparing cell lines originated from possible niches of infection.

In this study we investigated: i) the expression of Sat by EAEC strains isolated from diarrhea; ii) the cytotoxic effect of Sat during infection *in vitro* by EAEC iii) Sat internalization in polarized Caco-2 intestinal cells iv) the kinetics of cell damage induction by purified Sat in cell lines derived from tissues representing infection niches where *sat*+ bacteria have been isolated.

We demonstrated for the first time that Sat is secreted during EAEC infection and induces cell detachment in polarized intestinal cells. In addition, purified native Sat induced cell detachment differing according to the origin of the cell line, *i*.*e*. endothelial cells being more sensitive than cells originated from the urinary and intestinal tract.

Materials and methods {#sec002}
=====================

Bacterial strains and growth conditions {#sec003}
---------------------------------------

For this study we used the following *E*. *coli* strains: EC233/93, serotype O126:H2 (DEC/Sat+) \[[@pone.0228959.ref030]\] and CV323/77, serotype O125ab:H21 (EAEC) \[[@pone.0228959.ref031]\], both isolated from cases of acute diarrhea in children in São Paulo; and a collection of 20 EAEC strains isolated in an epidemiological study of the etiology of acute diarrhea in children conducted in Bahia, Brazil \[[@pone.0228959.ref020]\]. Among these 20 strains, 16 were positive for *sat* detection and 4 were negative \[[@pone.0228959.ref020]\]. The strains DAEC FBC114 \[[@pone.0228959.ref016]\], EAEC prototype strain 042 \[[@pone.0228959.ref032]\], *E*. *coli* HB101(pDG7) (*sat* cloned into pBSKII) \[[@pone.0228959.ref010]\] and *E*. *coli* HB101 (non-pathogenic) \[[@pone.0228959.ref033]\] were used as controls.

Bacteria were grown in Luria-Bertani (LB) (Gibco, Rockville, MD) agar or LB broth before each experiment. For the cytotoxicity assays, 100 𝜇L bacterial cultures were seeded in 3 mL Dulbecco's modified Eagle's medium (DMEM) or DMEM containing 1% tryptone (DMEM-tryptone) and grown at 37°C with shaking at 200 rpm, until the exponential phase. The HB101/Sat strain was maintained in the presence of ampicillin.

Cell cultures {#sec004}
-------------

Y1 cells (ATCC CCL-79), LLC-PK1 cells (ATCC CL-101) and HEp-2 cells (ATCC CCL-23) were grown in DMEM) high glucose (Cultilab, Campinas, São Paulo) supplemented with 10% fetal bovine serum (FBS) (Cultilab, Campinas, São Paulo). Caco-2 cells (ATCC HTB-37) were grown in DMEM supplemented with 15% FBS and HUVEC cells (ATCC CRL-1730) were grown in RPMI (Cultilab Campinas, São Paulo) supplemented with 10% FBS plus endothelial cell growth supplement from bovine neural tissue (ECGS) (Sigma, St. Louis, Missouri, USA). These cells were maintained in humidified atmosphere with 5% CO~2~, at 37 ºC. The subcultures were harvested with trypsin-EDTA (Gibco) pH 7.4, washed and distributed at 2 x 10^5^ cells/well in 24-well culture plates (Corning Incorporated Costar®---USA) containing 13 mm round cover glasses or 5 x 10^4^ cells/well in 96-well culture plates (Corning Incorporated Costar®---USA). For polarization of Caco-2 cells, the cultures were maintained in 24-well plates for 15 days. The culture medium was changed every 48 h, when cells were confluent they were washed twice with phosphate buffered saline (PBS) \[[@pone.0228959.ref034]\]). HEp-2 cells were used in adhesion assays and the other lines were used in the cytotoxicity assays.

HEp-2 cells adherence test {#sec005}
--------------------------

The adherence pattern of the bacteria on HEp-2 cells was determined following the adhesion assay described by Cravioto et al. \[[@pone.0228959.ref035]\]. Briefly, HEp-2 cells cultivated for 48 h (80% confluence) in DMEM supplemented with 2% fetal bovine serum and 1% D-mannose were infected with bacteria grown overnight in LB broth (MOI 100). After 3 h-incubation at 37°C, the infected cells were washed and again incubated for a further 3 h, with fresh DMEM supplemented with 2% fetal bovine serum and 1% D-mannose. Cultures were then washed with PBS, fixed with methanol, stained with May-Grümwald and Giemsa and examined by light microscopy (1,000X).

Detection of virulence genes {#sec006}
----------------------------

Bacterial DNA samples were obtained from overnight cultures on LB agar incubated at 37°C, from which single colonies were resuspended in 300 μL of MilliQ water and boiled for 10 min. The PCR was used to detect the presence of characteristic markers of EPEC (*bfpA*, *eae* and *perABC*) \[[@pone.0228959.ref020],[@pone.0228959.ref036]\]; EAEC (*aggR* and *aatA*) \[[@pone.0228959.ref020],[@pone.0228959.ref037]\]; members of the SPATE family (*eatA*, *espC*, *epeA*, *espI*, *espP*, *pet*, *pic*, *sat*, *sepA*, *sigA*, *tsh* and *vat*) \[[@pone.0228959.ref017],[@pone.0228959.ref020],[@pone.0228959.ref038]\]; and of other autotransporters (*aida-I*, *cah*, *ehaA*, *ehaB*, *ehaC*, *ehaD*, *ehaJ*, *sab* and *tibA*) \[[@pone.0228959.ref017],[@pone.0228959.ref020],[@pone.0228959.ref038]\]. The primers used were described in the respective references.

Amplification was performed in a total volume of 25 μL containing: 20 pmol of each primer; 1.0 U Taq DNA polymerase; 5.0 μL 10X PCR buffer (200 mM MgCl~2~ \[pH 8.4\], 500 mM KCl); 1.0 μL of DNA template, employing the controls and amplification cycles previously described \[[@pone.0228959.ref017],[@pone.0228959.ref020],[@pone.0228959.ref036],[@pone.0228959.ref038],[@pone.0228959.ref039]\].

DNA sequencing and analysis {#sec007}
---------------------------

The 930 bp amplified fragments corresponding to *sat* of EAEC CV323/77 and DEC/Sat^+^ strains were sequenced in a Mega-BACE 1000 (Amersham Pharmacia Biotech) sequencer. Reactions were performed according to the manufacturer's instructions, using the APBiotech DYEnamic ET Dye Terminator Cycle Sequencing Kit. Sequence analysis was performed using the MEGA Version 7.0.26 software (Analysis Expert DNA Star Software, Inc. PC, Madson, WI, USA) and BioEdit Sequence Alignment Editor 7.0.5.3 (Carlsbad). The identity of the nucleotide sequence of the 930 bp fragment of both strains with CFT073 (GenBank accession number AF289092.1) was searched using the BLASTn program.

Purification of Sat {#sec008}
-------------------

Overnight of LB broth (1,000 mL) of DEC/Sat+ strain, grown until the optical density (OD) reached 1.0 at 600 nm, was used to obtain purified Sat. Bacteria were removed by centrifugation at 10,000 x *g* for 10 min at 4°C. Supernatants were sterilized through a 0.22 μm pore-sized filter. Samples were concentrated using tangential filtration flow (Labscale TFF system) (50,000 molecular weight cut-off) to a volume of approximately 50 mL. The supernatant was again concentrated using vivaspin 20 (50,000 molecular weight cut-off) (GE healthcare) to a volume of 10 mL. The concentrated was loaded in the serine protease affinity column (HiTrap^TM^ Benzamidine FF High sub, GE Healthcare, Sweden, catalog number 17-5144-01), previously equilibrated with binding buffer (0.05 M Tris-HCL, 0.5 M NaCl, pH 7.4). The column was washed with 25--50 mL of binding buffer or until no material appeared in the eluent (monitored by UV absorption at A~280\ nm~ on the AKTA Prime Plus, GE). Protein was eluted with 25--50 mL of elution buffer (0.05 M glycine-HCl, pH 3.0) at a flow rate of 4 mL/min. Fractions of 1 mL were collected in presence of 20 μL of neutralization buffer (1 M Tris-HCl pH 9.0). A single band of 107 kDa was visualized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The fractions containing the protein consistent with the predicted molecular mass of Sat (107 kDa) was pooled and concentrated by ultrafiltration Vivaspin20 (GE Healthcare). Protein concentration was determined using a bicinchoninic acid assay (Pierce, Rockford, Illinois). Mass spectrometry (LC-MS/MS) confirmed Sat identity.

Production of polyclonal antibody against Sat {#sec009}
---------------------------------------------

New Zealand rabbit (60-day-old) was supplied by the Animal Research Facilities of the Butantan Institute. Rabbit was immunized with three doses of 100 μg of purified Sat protein containing 2.5 mg of aluminum hydroxide as adjuvant. Blood was collected at the 45^th^ day, and the presence of antibodies was confirmed by Western blotting. All procedures involving the use of animal were performed according to the Care and Use of Laboratory Animal Guidelines (1996) and were approved by the Ethics Committee on Animal Use of the Butantan Institute (CEUAIB Certificate 1362/15).

Bacterial infection {#sec010}
-------------------

Cultures of Y1 and polarized Caco-2 cells were infected in the absence of FBS, at a MOI of 10 with the EAEC CV323/77, DAEC FBC114, *E*. *coli* HB101(pDG7) and *E*. *coli* HB101 bacterial strains grown in DMEM-tryptone for approximately 3 h. After 5 h of infection, the cells were used for cytotoxicity evaluation, while the bacteria were used for analysis of transcription of *sat* by RT-PCR and the culture supernatant used to investigate the expression of Sat by Western Blotting. The culture supernatant of strain EAEC 042 was used in Western Blotting to evaluate whether anti-Sat cross-react with Pet or Pic, and purified Sat was used as positive control.

RNA extraction and RT-PCR amplification {#sec011}
---------------------------------------

The supernatant of the infected Y1 cells were centrifuged to obtain the bacteria. Total RNAs from bacteria were extracted and purified using QiAzol Lysis Reagent (Qiagem ®) and Direct-Zol^™^ RNA MiniPrep Plus (Zymo Research), according to the manufacturer´s instructions. RNAs were quantified using GE NanoVue Plus^TM^ Spectrophotometer (GE Lifesciences) and the quality control of the extracted RNAs was assessed by agarose gel electrophoresis post stained with gelRed ^TM^ (Biotium). Total RNAs (200 ng) were converted to cDNA using High Capacity RNA-to-cDNA Kit according to the manufacturer\'s instructions (Applied Biosystems^TM^). cDNAs (10 ng) were used as template for amplification of *sat* and *icd* (as internal control) by PCR using the following primers: `sat (F) 5'-TCAGAAGCTCAGCGAATCATTG-3' and sat (R) 5'-CCATTATCACCAGTAAAACGCACC-3', to amplify a 930 bp fragment [`[@pone.0228959.ref019]`]; and icdA (F) 5'-CTGCGCCAGGAACTGGATCT-3' and icdA (R) 5'-ACCGTGGGTGGCTTCAAACA- 3',` to amplify a 669 bp fragment \[[@pone.0228959.ref040]\]. For amplification, 5 μL of cDNA were used as template in reactions as described above for the detection of virulence genes. The RT-PCR products were analyzed by agarose gel (1.2%) electrophoresis post stained with GelRed ^TM^. Images of the RT-PCR agarose gels were acquired using an electronic documentation system (UVITEC, Cambridge).

Detection of Sat expression during infection {#sec012}
--------------------------------------------

In order to confirm the expression of Sat during infection, the polarized Caco-2 cells culture media was removed, centrifuged at 5,500 x *g* and precipitated with trichloroacetic acid (TCA). The precipitates were then submitted to SDS-PAGE and electrotransferred onto a nitrocellulose membrane (Millipore). Membrane was then incubated with primary rabbit anti-Sat serum (1:500 dilution), followed by incubation with peroxidase-conjugated anti-rabbit IgG (1:5,000 dilution). Positive signals were detected by enhanced chemiluminescence (West Pico, Pierce).

Detection of Sat production by indirect enzyme-linked immunosorbent assay (ELISA) {#sec013}
---------------------------------------------------------------------------------

Each one of the 20 strains from the EAEC collection (16 *sat*+ and 4 *sat*- strains) were grown in 3 mL of LB broth at 37°C overnight, with constant shaking (200 rpm). In the following day, 100 μL of bacterial cultures adjusted for OD 300 were inoculated in 3 mL of medium and grown in the same conditions.

The supernatants of the cultures were obtained after centrifugation at 15,700 × *g* for 10 min, and used for coating ELISA microplates (Corning Incorporated Costar®, high binding) (USA). After coating (4°C for 18 h), the wells were blocked with 5% nonfat milk in PBS, and incubated with anti-Sat rabbit serum (1:100) followed by peroxidase conjugated goat anti-rabbit IgG antibody (1:5,000) incubation. The assay was developed with o-phenylediamine (OPD) and H~2~O~2~, and the absorbance was measured at 492 nm in a Multiskan EX ELISA reader (Labsystems, USA). The strains DEC/Sat+, EAEC CV323/77 and DAEC FBC114 were used as positive control and strain HB101 as negative control. All strains were tested in triplicates and at least two independent experiments were performed.

Kinetics of the cytotoxic effect of purified Sat {#sec014}
------------------------------------------------

Y1 cell cultures maintained in 24-well plates were washed twice with PBS and then incubated with purified Sat at the concentration of 50 or 100 μg/mL for 2, 5, 8 or 24 h at 5% CO~2~-95% air at 37°C. After the different times of infection, the cultures were washed with PBS, fixed with methanol, stained with May-Grümwald and Giemsa and used in the evaluation of cell morphology and detachment by light microscopy (400X).

Cytotoxicity assays {#sec015}
-------------------

Cytotoxicity assays were evaluated in both infected cells and incubated with the purified Sat. Infection was performed on Y1 and polarized Caco-2 cells and assays with purified Sat were performed on Y1, Caco-2, LLC-PK1 and HUVEC lines cell incubated with 100 μg /mL toxin at different incubation times.

After incubation, the culture medium was aspirated and the cells were washed twice with PBS. Both for the evaluation of the morphologic effect and for the determination of the percentage of the adhered cells, the cultures were fixed with 70% methanol, stained with 0.1% Giemsa (Sigma-Aldrich, St. Louis, MO) and evaluated by light microscopy.

The morphologic effect was determined based on the criteria described in previous works \[[@pone.0228959.ref041],[@pone.0228959.ref042]\], where a score of 1+ indicated the presence of elongated or rounded cells greater than those observed in the control (but with less than 50% of cells affected); 2+ indicates that 50% of the cells are rounded but detachment was less than 50%; 3+ indicates that more than 50% of the cells were detached and all remaining cells were rounded; and 4+ indicates that all (or nearly all) cells were detached from the glass.

To determine the percentage of adhered cells after infection or toxin treatment, we quantified cells of 6 random fields (400X). The number of cells obtained in the negative controls was considered 100% adherence. Cells infected with *E*. *coli* HB101 or that did not receive the toxin served as negative controls. All experiments were performed at least three times, each time in triplicate.

### Cell viability assay {#sec016}

Both membrane permeability and mitochondrial metabolism were assessed by Trypan blue exclusion and MTT methods, respectively. The viability of detached cells after incubation with the purified Sat (100 μg/mL) was determined by the Trypan blue exclusion method. The Trypan blue exclusion dye (Sigma-Aldrich) that is only incorporated by cells with altered permeability was added (1:2) in the cell cultures for 20 min at 37 ^o^C. The percentage of viable, non-stained cells was determined after quantifying 300 cells by light microscopy. On the other hand the viability of cells that remained adhered after incubation with the toxin was assessed by MTT and Trypan blue exclusion method. The MTT assay, which is based on the metabolic reduction of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium by mitochondrial enzyme activity of viable cells, was determined according to the manufacturer's instructions (Sigma-Aldrich). The results are representative of at least three independent experiments, each one in triplicate.

### Neutralization of the cytotoxic effects {#sec017}

Cytotoxic effect neutralization assays were performed on polarized Caco-2 and Y1 cells cultures incubated with bacteria or purified Sat. The neutralization test was performed using anti-Sat IgG or the serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF) (Boehringer, Indianapolis, IN).

The strains grown in DMEM-tryptone, at 37°C (OD~600nm~ = 0.3) were preincubated with 250 μg/mL anti-Sat. Alternatively, the same cultures were preincubated with 0.6 mM PMSF. The positive controls of infection were DAEC FBC114 or *E*. *coli* HB101(pDG7) and *E*. *coli* HB101 was used as negative control. The purified toxin (100 μg/mL) was preincubated with anti-Sat at the concentration of 75 μg/mL or PMSF at the concentrations of 0.3 and 0.6 mM. In both cases the preincubation times were 30 min with the antibody and 15 min with PMSF. All preincubated aliquots were then added to the cells in fresh medium and incubated for 5 h (infection) or 8 h (purified-Sat) at 37 ºC prior to standard fixation and staining. Positive controls were cells infected or incubated with toxin in the absence of PMSF or anti-Sat and negative controls were cells only or cells incubated with PMSF or anti-Sat. All experiments were performed at least three times, each time in triplicate.

Actin filament analysis {#sec018}
-----------------------

Polarized Caco-2 cells were incubated with 100 μg/mL of purified Sat. After incubation for 6 h, the cells were washed with PBS-0.005% Tween-20. Then, the cells were incubated for 30 min, at room temperature, with a solution containing 4% paraformaldehyde (PFA), 0.3% Triton-X100, 1% BSA and 0.005% Tween 20. Actin filaments were stained by rhodamine phalloidin (1:40) (Thermo Fisher Scientific) and nucleus stained by 4´-6-diamidino-2-phenylindole dihydrochlotide (DAPI) (1:300) (Sigma-Aldrich). Actin filaments were analyzed by Leica DMi8 inverted fluorescence microscopy, coupled to DFC310 FX digital camera (Leica Application Suite Software---LAS V4.6).

Toxin Labeling and confocal laser-scanning microscopy {#sec019}
-----------------------------------------------------

Two hundred μg of purified Sat toxin (1 mL) were added in 4 mL of HEPES solution (10 mM pH 8.3) containing 300 μg FITC (Sigma-Aldrich). The pH of the reaction buffer was adjusted to 8.3 by using sodium bicarbonate. The reaction was carried out on ice in the dark for 3 h under continuous stirring. After this period, the reaction was stopped by the addition of 5 mL of NH~4~Cl solution (50 mM). The labeled toxin was concentrated by Vivaspin 20 (50,000 molecular weight cut-off) (GE healthcare) and the free FITC was removed by three consecutive washes with HEPES solution. The internalization of the Sat was visualized by confocal fluorescence microscopy (Leica TCS SP8) and images were obtained via LASX computer software.

Statistical analysis {#sec020}
--------------------

All data were analyzed using Graph- Pad Prism 6.0 (San Diego, CA). The 2-way ANOVA with Tukey's multiple comparison test was carried out. Results were considered statistically significant when 𝑃 \< 0.05.

Results {#sec021}
=======

Characterization of bacterial strains {#sec022}
-------------------------------------

In the present study, we amplified a 930 bp fragment corresponding to *sat* gene in two strains of *E*. *coli* isolated from cases of childhood diarrhea: EC233/93 (serotype O126:H2) and CV323/77 (serotype O125ab:H21) strains ([Fig 1](#pone.0228959.g001){ref-type="fig"}).

![Amplification of *sat* in *E*. *coli* strains by PCR.\
DAEC FBC114 --positive control, HB101 --negative control, CV323/77 and EC233/93---tested strains. Marker: 1 kb Ladder Plus (Sinapse Inc).](pone.0228959.g001){#pone.0228959.g001}

To better characterize these two strains, we investigated the characteristic virulence markers of EAEC (*aatA*, *aggR*), EPEC (*bfpA*, *perABC* and *eae*) and genes of autotransporter proteins of *E*. *coli* (*espP*, *pet*, *espC*, *sigA*, *eat*, *vat*, *epeA*, *espI*, *pic*, *tsh*, *aida-I*, *cah*, *ehaA*, *ehaB*, *ehaC*, *ehaD*, *ehaJ*, *sab* and *tibA*). In both strains, *sat* was the only amplified gene that corresponds to a cytotoxic protein ([Table 1](#pone.0228959.t001){ref-type="table"}). Amplification of *aatA* in the absence of *aggR* classified the CV323/77 strain as an atypical EAEC ([Table 1](#pone.0228959.t001){ref-type="table"}). The confirmation of the pathotype was also obtained by observing the aggregative adhesion (AA) pattern on HEp-2 cells, characteristic of EAEC ([Table 1](#pone.0228959.t001){ref-type="table"}). On the other hand, in EC233/93 strain, which was non-adherent on HEp-2 cells ([Table 1](#pone.0228959.t001){ref-type="table"}), none of the virulence markers were amplified, except *sat* ([Table 1](#pone.0228959.t001){ref-type="table"}). The absence of virulence markers from other diarrheagenic *E*. *coli* pathotypes had already been shown in both strains \[[@pone.0228959.ref030],[@pone.0228959.ref031]\]. Thus, the CV323/77 and EC233/93 strains were named as EAEC CV323/77 and DEC/Sat^+^, respectively.

10.1371/journal.pone.0228959.t001

###### Characterization of EAEC CV323/77 and DEC/Sat+ strains.

![](pone.0228959.t001){#pone.0228959.t001g}

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                          Markers                                   Strains                                     Function/effect             Reference                     
  ------------------------------------------------------- ----------------------------------------- ------------------------------------------- --------------------------- ----------------------------- ----------------------------
  **EAEC**                                                *aatA*                                    \+                                          \-                          Dispersin transporter         \[[@pone.0228959.ref046]\]

  *aggR*                                                  \-\                                       \-\                                         Transcriptional activator   \[[@pone.0228959.ref038]\]\   

  Adhesion\                                               AA[\*](#t001fn001){ref-type="table-fn"}   NA[\*\*](#t001fn002){ref-type="table-fn"}                               \[[@pone.0228959.ref032]\]    
  pattern                                                                                                                                                                                                 

  **AT**[^**\*\*\***^](#t001fn003){ref-type="table-fn"}   *sat*                                     **+**                                       **+**                       Cytotoxic                     \[[@pone.0228959.ref010]\]

  *espI*                                                  \+                                        \-                                          Mucinase                    \[[@pone.0228959.ref037]\]    

  *pic*                                                   \+                                        \-                                          Mucinase                    \[[@pone.0228959.ref057]\]    

  *cah*                                                   \+                                        \-                                          Biofilm formation           \[[@pone.0228959.ref058]\]    

  *eha A*                                                 \+                                        \-                                          Biofilm formation           \[[@pone.0228959.ref059]\]    

  *eha J*                                                 \+                                        \-                                          Biofilm formation           \[[@pone.0228959.ref060]\]    
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**\*** Aggregative Adherence pattern

\*\* Non-Adherent

\*\*\* Autotransporter

The 930-bp amplicon from the two strains were sequenced and aligned using the MEGA 7 program. The entire *sat* gene corresponds to 3,900 bp in UPEC prototype strain CFT073 (GenBank accession number: AF289092.1) and the 930-bp amplicon alignment occurred between positions 1,771 to 2,613 of the *sat* sequence of strain CFT073. We identified four mutations in both amplicon sequences, but only two of them resulted in amino acid exchange ([Table 2](#pone.0228959.t002){ref-type="table"}). In the *in silico* analysis, both the hydrophobicity \[[@pone.0228959.ref043]\] and the recognition factors \[[@pone.0228959.ref044]\] presented modifications when compared with the reference strain. The *sat* amplicon sequences were submitted to GenBank under the accession numbers LT855558 (EAEC CV323/77) and LT855559 (DEC/Sat^+^).

10.1371/journal.pone.0228959.t002

###### Amino acid residues from Sat which differ from reference strain CFT073.

![](pone.0228959.t002){#pone.0228959.t002g}

  Origin             Strain          Serotype     Sat amino acid residue at position   Reference   
  ------------------ --------------- ------------ ------------------------------------ ----------- ----------------------------
  **Blood/ Urine**   CFT073          O6:K2:H1     V                                    T           \[[@pone.0228959.ref010]\]
  **Probiotic**      EcN             O6:K5:H1     A                                    T           \[[@pone.0228959.ref022]\]
  **Diarrhea**       DEC/Sat+        O126:H2      A                                    A           This study
  **Diarrhea**       EAEC CV323/77   O125ab:H21   A                                    A           This study

Identification and purification of Sat {#sec023}
--------------------------------------

Concentrated bacterial culture supernatant of the DEC/Sat+ strain was submitted to SDS-PAGE analysis. The band corresponding to \~107 kDa molecular mass was sequenced by mass spectrometry LC-ESI-MS (MS/MS). The interpretation of the mass spectra for the deduction of the peptide sequences and subsequent identification of the proteins were performed using Mascot software, version 2.4.1. The peptide sequences were compared to the corresponding sequence of UPEC CFT073 (GenBank accession number: AF289092.1). The portion of the sequenced protein corresponds to the translocated domain (amino acid position from 50 to 1,018). The analysis score was 1,934, confirming that the analyzed peptides corresponded to the Sat protein.

Concentrated bacterial culture supernatant was submitted to the serine protease affinity column. In the fractions collected from 13 to 19, which corresponded to peak in the chromatogram ([Fig 2A](#pone.0228959.g002){ref-type="fig"}), the \~107 kDa band was visualized ([Fig 2B](#pone.0228959.g002){ref-type="fig"}) and detected by Western blotting using the anti-Sat serum ([Fig 2C](#pone.0228959.g002){ref-type="fig"}).

![Purification of Sat.\
A) Chromatogram of strain DEC/Sat+ supernatant using serine-protease column HiTrap^TM^ Benzamidine FF High sub (GE Healthcare). As indicated in the figure, the fractions 13 to 19, corresponding to the highlighted peak, were collected. B) SDS-PAGE of the fractions collected after purification indicating the presence of Sat protein (Silver staining). C) Western blotting of the fractions pooled and concentrated by ultrafiltration Vivaspin20 (GE Healthcare). Precision Plus Protein^TM^ Standard (BioRad).](pone.0228959.g002){#pone.0228959.g002}

Cytotoxic action of Sat during the infection by EAEC {#sec024}
----------------------------------------------------

To investigate whether infection with the EAEC CV323/77 strain induced cellular damage due to Sat secretion, we initially infected the Y1 (adrenal-derived) cell line, described as Sat sensitive \[[@pone.0228959.ref021]\]. Cells were infected (MOI 10) for 5 h in the presence or absence of anti-Sat IgG or PMSF, a serine protease inhibitor. Cell detachment was analyzed by light microscopy and the percentage of adherent cells after infection was determined ([Fig 3A](#pone.0228959.g003){ref-type="fig"}). Cells infected with DAEC FBC114 were used as positive control. Cell detachment was observed in cultures infected with EAEC CV323/77 and FBC114 strains in the absence of anti-Sat or PMSF ([Fig 3A](#pone.0228959.g003){ref-type="fig"}). Cell detachment was significantly inhibited when the cells were infected with the strains incubated with anti-Sat or PMSF ([Fig 3A](#pone.0228959.g003){ref-type="fig"}). Transcription of *sat* was demonstrated in the bacteria recovered post-infection from the culture medium, using semi-quantitative RT-PCR ([Fig 3B](#pone.0228959.g003){ref-type="fig"}). Considering that EAEC is a diarrheagenic pathotype we also evaluated the action of EAEC CV323/77 strain on polarized Caco-2 intestinal cells, after 5 h of infection. As control of Sat effects, cells were also infected with the *E*. *coli* HB101(pDG7), the *sat* minimal clone. Both EAEC CV323/77 and *E*. *coli* HB101(pDG7) strains induced a significant cellular detachment of Caco-2 cells ([Fig 3C](#pone.0228959.g003){ref-type="fig"}). On the other hand, infection in the presence of PMSF or anti-Sat, no cellular detachment was observed ([Fig 3C and 3D](#pone.0228959.g003){ref-type="fig"}). Sat toxin was detected in the supernatant of infected Caco-2 cell cultures ([Fig 3E](#pone.0228959.g003){ref-type="fig"}) concomitantly with detection of morphological changes ([Fig 3C](#pone.0228959.g003){ref-type="fig"}) and cell detachment ([Fig 3D](#pone.0228959.g003){ref-type="fig"}). Cells incubated with the same culture medium (with or without PMSF and anti-Sat), without infection, or infected with *E*. *coli* HB101 were used as negative controls and considered as 100% of adhesion. Neither anti-Sat IgG nor PMSF induced any cell detachment ([Fig 3C](#pone.0228959.g003){ref-type="fig"}). As shown in [Fig 3E](#pone.0228959.g003){ref-type="fig"}, the anti-Sat serum does not cross-recognize either the Pet or Pic toxin. Both proteins are autotransporters which exhibit Sat homology and are secreted by the EAEC 042 prototype strain. Neither the pre-immune serum nor nonspecific IgG fractions induced any cell detachment ([Fig 3C](#pone.0228959.g003){ref-type="fig"}).

![Evaluation of Sat induced cell damage after 5 h of infection with EAEC CV323/77.\
A) Percentage of adhered Y1 cells after infection B) Reverse transcriptase chain reaction for *sat* during infection of Y1 cells. Isocitrate dehydrogenase gene (*icdA*) was used as an internal control. C) Observation of cell damage in cultures from the polarized Caco-2 cells by light microscopy. Magnifications 400X. D) Adhered cell percentage after infection of polarized Caco-2 cells in the presence or absence of PMSF (0.6 mM) or polyclonal anti-Sat antibody (250 μg/mL). E) Immunodetection of Sat in the supernatant collected from polarized Caco-2 cells by Western Blotting. Strains used as controls were *E*. *coli* HB101(pDG7) (positive control) and *E*. *coli* HB101 (negative control). Statistical analysis was performed by ANOVA (\*\*\*p\<0.001) with GraphPad Prism program.](pone.0228959.g003){#pone.0228959.g003}

Secretion of Sat by different strains of EAEC {#sec025}
---------------------------------------------

In order to verify if the secretion of Sat by EAEC was not exclusive to the EAEC CV323/77 strain, the production of Sat was also investigated by ELISA in culture supernatants from a collection of 20 EAEC strains (16 *sat*+ and 4 *sat*- strains) isolated from children with diarrhea \[[@pone.0228959.ref020]\]. The strains DEC/Sat+, EAEC CV323/77 and DAEC FBC114 were used as positive control and four *sat*-negative EAEC were used as negative controls \[[@pone.0228959.ref020]\]. The supernatant of the bacterial cultures were tested by ELISA using anti-Sat anti-serum. Sat was detected in the supernatant of 15 (93.7%) *sat*-positive EAEC and in none of the *sat*-negative EAEC ([Fig 4](#pone.0228959.g004){ref-type="fig"}).

![Investigation of Sat secretion in a collection of EAEC strains.\
Culture supernatants of 20 bacterial strains (16 *sat+* and 4 *sat*- strains), grown in DMEM, were tested by indirect ELISA for Sat detection using anti-Sat rabbit serum. The strains DEC/Sat+, EAEC CV323/77 and DAEC FBC114 were used as positive controls, and *E*. *coli* HB101 as negative control. All strains were tested in triplicates and at least two independent experiments were performed. The data shown are the absorbance values (mean ± standard error) for each strain from a representative experiment.](pone.0228959.g004){#pone.0228959.g004}

Cytotoxic activity of purified toxin {#sec026}
------------------------------------

To investigate the activity of purified Sat we performed kinetics of action on Y1 cell line considering its sensitivity to Sat showed in previous work \[[@pone.0228959.ref021]\]. Cultures were incubated with 50 or 100 μg/mL of Sat at 2, 5, 8 and 24 h. Cell damage was analyzed by light microscopy. Sat induced cell detachment in a time-dependent manner, after 24 h of incubation, and the detachment was nearly 100% ([Fig 5A](#pone.0228959.g005){ref-type="fig"}). Cell detachment was similar in the cultures incubated with both concentration of the toxin, except at the point of 2 h in which discrete cell detachment was only detect in cultures treated with 100 μg/mL of toxin ([Fig 5A](#pone.0228959.g005){ref-type="fig"}).

![Effect of purified Sat on cells.\
A) Kinetics of cytotoxicity in Y1 cells incubated with 50 or 100 μg/mL of Sat at 2, 5, 8 and 24 h. B) Cultures incubated for 8 h with 100 μg/mL of Sat previously treated with PMSF (0.6 mM) or anti-Sat polyclonal antibody (75 μg/mL). The positive control was cells incubated with non-treated Sat and negative control was cells incubated with DMEM plus elution-buffer. Observation of inhibition of cell damage by light microscopy. Magnifications 100X. C) Percentage of Y1 cell detachment inhibition after incubation with Sat previously treated with PMSF (0.3 and 0.6 mM) or polyclonal anti-Sat antibody (Ab). D) Actin filaments of polarized Caco-2 cells incubated for 6 h with Sat 100 μg/mL were labeled by phalloidin rhodamine (red). Cell nuclei were stained by DAPI (blue). The large squares correspond to the same areas of the small squares, but with higher magnification. Observation by fluorescence microscopy. Magnifications 1,000X. Bar: 20 μm. Statistical analysis was performed by ANOVA (\*\*\*p\<0.001) with GraphPad Prism program.](pone.0228959.g005){#pone.0228959.g005}

Cell damage could be attributed to Sat since the cells incubated for 8 h with purified toxin, previously treated with anti-Sat antibodies or PMSF, did not show similar damage ([Fig 5B](#pone.0228959.g005){ref-type="fig"}). The presence of the anti-Sat antibodies and PMSF reduced cell detachment by approximately 70 and 90%, respectively ([Fig 5C](#pone.0228959.g005){ref-type="fig"}). The results presented are representative of three independent experiments performed in triplicate.

Increasing cell detachment observed over kinetics ([Fig 5A](#pone.0228959.g005){ref-type="fig"}) raised interest in assessing cell viability after different contact times with toxin. Due to the presence of *sat* in intestinal bacteria, viability was performed in polarized Caco-2 cells, after 5, 8 and 24 h of contact with 100 μg/mL of Sat.

The viability of adhered and detached cells was evaluated by MTT and Trypan Blue exclusion methods, respectively. The viability of adhered cells was slightly reduced only within 24 h of incubation ([Table 3](#pone.0228959.t003){ref-type="table"}), when there is naturally cell damage due to nutrient consumption from the culture medium and increased metabolites. On the other hand, all detached cells regardless of incubation time, were dead ([Table 3](#pone.0228959.t003){ref-type="table"}).

10.1371/journal.pone.0228959.t003

###### Cell viability evaluation of polarized Caco-2 cells after incubation with purified Sat.

![](pone.0228959.t003){#pone.0228959.t003g}

                         Cell          Methods   Toxin Contact Time         
  ---------------------- ------------- --------- -------------------- ----- -------
  **% Cell viability**   Adhered       MTT       95.7%                92%   74.5%
  Detached               Trypan Blue   0%        0%                   0%    

Considering that alteration in the cytoskeleton must precede cell detachment, the actin filaments from cells incubated for 6 h with Sat were evaluated. After incubation, cells were fixed, permeabilized and stained with DAPI and rhodamine-phalloidin. Sat altered actin filaments from polarized intestinal cells ([Fig 5D](#pone.0228959.g005){ref-type="fig"}) in the time preceding the largest cell detachment ([Fig 5A](#pone.0228959.g005){ref-type="fig"}).

Sat internalization in polarized Caco-2 cells {#sec027}
---------------------------------------------

In order to confirm that the observed F-actin change ([Fig 5D](#pone.0228959.g005){ref-type="fig"}) was due to toxin presence, Sat internalization in polarized Caco-2 intestinal cells was investigated by confocal laser-scanning microscopy. Cells were incubated with 100 μg/mL FITC-labeled purified Sat for 6 h. After incubation, cells were fixed, permeabilized and stained with DAPI and rhodamine-phalloidin. FITC-Sat fluorescence was detected co-localized with DAPI and rhodamine confirming toxin internalization ([Fig 6](#pone.0228959.g006){ref-type="fig"}). Cells incubated with FITC, in the absence of coupled toxin, were used as negative control.

![Sat internalization in polarized Caco-2 cells.\
Cells incubated for 6 h with FITC-labeled Sat (green) were labeled by phalloidin rhodamine (red) and DAPI (blue). The internalization of the Sat was observed by confocal fluorescence microscopy (Leica TCS SP8) and images were obtained via LASX computer software. Bar: 50 μm.](pone.0228959.g006){#pone.0228959.g006}

Effect of Sat toxin on cells of different origins {#sec028}
-------------------------------------------------

In addition to the detection of *sat* in UPEC \[[@pone.0228959.ref010]\], DAEC \[[@pone.0228959.ref021]\] and EAEC \[[@pone.0228959.ref020]\], it has also been described as one of the most prevalent SPATE-encoding gene in bacterial strains isolated from neonatal septicemia \[[@pone.0228959.ref023]\]. The fact that *sat* has been detected in bacteria isolated from different niches, such as the bloodstream and urinary and gastrointestinal tracts aroused the interest to investigate whether cell lines, originating from tissues corresponding to these niches, respond equally to the toxin. To date, there is no report comparing the action of Sat on different cell lines.

Cell lines LLC-PK1 (kidney-derived), Caco-2 (intestinal-derived) and HUVEC (endothelial-derived) were incubated with 100 μg/mL of Sat during different times. [Fig 7A](#pone.0228959.g007){ref-type="fig"} shows the shortest time in which each cell line presented significant cell damage when compared to the control. The HUVEC cells were the most sensitive, since only 2 h of incubation resulted in a cell detachment above 50% with intense morphological alteration (3+) ([Fig 7B](#pone.0228959.g007){ref-type="fig"}). Considering cell detachment and incubation time, the Y1 cell line was the second most sensitive followed by the LLC-PK1, while Caco-2 was the less damaged ([Fig 7B](#pone.0228959.g007){ref-type="fig"}).

![Action of Sat on cell lines originated from different tissues.\
A) The HUVEC, Y1, LLC-PK1 and Caco-2 cell lines treated with 100 μg/mL of Sat. The minimum time for observation of cell damage in each of the cell lines is shown in the figure. Evaluating of cell damage by light microscopy. Magnifications 100X. B) Summary of the effects of Sat on the different cell lines including, morphological effect, cell detachment and adhered cell viability by MTT and Trypan Blue. NT\* Not Tested.](pone.0228959.g007){#pone.0228959.g007}

The viability of the cells that remained adherent, post-incubation with the toxin was assessed by the Trypan blue exclusion method and MTT. Only in the LLC-PK1 the reduction of the viability was observed by Trypan blue (60%), which indicates compromised membrane permeability. In the cells of the Y1 and Caco-2 lines, no impairment was detected in Trypan Blue or MTT methods ([Fig 7B](#pone.0228959.g007){ref-type="fig"}), although there was cell detachment ([Fig 7A](#pone.0228959.g007){ref-type="fig"}). Viability was assessed at the maximum incubation time preceding intense cell detachment, 5 h for Y1 and 8 h for LLC-PK1 and Caco-2 cells ([Fig 7B](#pone.0228959.g007){ref-type="fig"}). The high cell detachment of HUVEC observed already within 2 h of contact did not allow the cell viability to be assessed ([Fig 7](#pone.0228959.g007){ref-type="fig"}).

The permeability and metabolism of the adherent cells were not altered by contact with Sat. Except for LLC-PK1, 100% of the adhered cells of the other cell lines tested remained viable after incubation with the toxin ([Fig 7](#pone.0228959.g007){ref-type="fig"}). The fact that 100% of detached Caco-2 cells were killed due to Sat action ([Table 3](#pone.0228959.t003){ref-type="table"}), the viability of detached HUVEC and LLCP-K1 cells was not investigated.

Our results showed that cell lines tested here representing the urinary and gastrointestinal tracts or endothelium are sensitive to Sat. In all cell lines, some level of cell detachment was observed. However, the sensitivity differed both in the required contact time and in the extent of the observed damage.

Discussion {#sec029}
==========

Sat is a Class-1 SPATE whose cytopathic effect has been described in kidney and bladder cells \[[@pone.0228959.ref012]\], since the toxin was originally described in UPEC \[[@pone.0228959.ref010]\]. Among the diarrheagenic *E*. *coli* pathotypes the presence of *sat* has already been detected in ETEC \[[@pone.0228959.ref016]\], EPEC \[[@pone.0228959.ref010],[@pone.0228959.ref017],[@pone.0228959.ref045]\], EAEC \[[@pone.0228959.ref010],[@pone.0228959.ref016],[@pone.0228959.ref019]\] and DAEC \[[@pone.0228959.ref016],[@pone.0228959.ref018],[@pone.0228959.ref021]\]. However, among these pathotypes cell damage has only been described in models of DAEC infection. \[[@pone.0228959.ref018],[@pone.0228959.ref021]\]. Sat secreted by DAEC was responsible for increasing mucus production in rabbit ileum loops \[[@pone.0228959.ref021]\] and by the rearrangement of tight junctions associated proteins ZO-1, ZO-3, ocludin and claudin-1 \[[@pone.0228959.ref018]\]. In EAEC, Sat was detected in the bacterial culture supernatant by mass spectrometry, without any description about its action \[[@pone.0228959.ref019]\].

SPATEs play an important role in EAEC pathogenesis as they comprise virulence factors involved in cytotoxicity and immunomodulation \[[@pone.0228959.ref005],[@pone.0228959.ref046]\]. Among the cytotoxic SPATEs described so far, Pet is undoubtedly the most studied toxin, which is secreted by the EAEC prototype strain 042 \[[@pone.0228959.ref047],[@pone.0228959.ref048]\]. Several studies performed with purified Pet led to the determination of its target cells \[[@pone.0228959.ref049]\] and receptor \[[@pone.0228959.ref050]\], as well as its intracellular traffic \[[@pone.0228959.ref051]\]. Although Pet-induced cytotoxicity is associated with the pathogenesis of EAEC \[[@pone.0228959.ref042]\], the frequency of *pet* in this pathotype does not exceed 20% \[[@pone.0228959.ref019],[@pone.0228959.ref020],[@pone.0228959.ref036],[@pone.0228959.ref052],[@pone.0228959.ref053]\], indicating that other SPATEs with equivalent function may be contributing to the cytotoxicity characteristic of EAEC infection. Therefore, Sat may be a candidate for this role, since the prevalence of *sat* is higher than *pet*, being described in approximately 40 to 75% of EAEC strains \[[@pone.0228959.ref019],[@pone.0228959.ref020],[@pone.0228959.ref038]\]. However, as Sat has been identified in UPEC, its function has been better studied in urinary tract infection \[[@pone.0228959.ref010]--[@pone.0228959.ref012]\] and, to date, there are no reports of its involvement in EAEC infections.

In this work we demonstrated that during the infection of polarized Caco-2 cells with EAEC CV323/77 there was cell detachment, which was inhibited by both anti-Sat and PMSF ([Fig 3D](#pone.0228959.g003){ref-type="fig"}). Correlation of Sat with damage in polarized Caco-2 cells has been well demonstrated, but in DAEC infection \[[@pone.0228959.ref018],[@pone.0228959.ref054]\]. Sat secreted by one DAEC strain interfered with proteins associated with tight junctions \[[@pone.0228959.ref018],[@pone.0228959.ref054]\]. On the other hand, Sat expressed by a probiotic *E*. *coli* does not act as a virulence factor, raising the hypothesis that the action of the same virulence factor may differ according to the bacterial background \[[@pone.0228959.ref022]\]. The detachment of EAEC-induced polarized Caco-2 cells ([Fig 3C and 3D](#pone.0228959.g003){ref-type="fig"}) could reinforce this hypothesis, as this effect has not been described in DAEC-infected polarized Caco-2 cells \[[@pone.0228959.ref018],[@pone.0228959.ref054]\].

The secretion of Sat by EAEC strain CV323/77 does not appear to be an exception to this pathotype, since 93.7% of *sat*-positive EAEC strains evaluated in our study secreted Sat in culture supernatants ([Fig 4](#pone.0228959.g004){ref-type="fig"}). Studies have shown that strains of EAEC often harbor two members of the SPATE family, generally *pic* and one cytotoxic SPATE \[[@pone.0228959.ref007]\]. The EAEC CV323/77 studied here harbors *pic* and *sat* ([Table 1](#pone.0228959.t001){ref-type="table"}). Pic is an immunomodulatory SPATE with no cytotoxic activity \[[@pone.0228959.ref014]\]. As the relevance of Pic in EAEC pathogenesis is its role in colonization, we can consider that, in the presence of *sat* and *pic*, as in EAEC CV323/77 ([Table 1](#pone.0228959.t001){ref-type="table"}), two aspects of pathogenesis would be present, *i*.*e*. gut colonization and cytotoxicity.

The identity of Sat present in the culture supernatant of DEC/Sat+ strain was confirmed by MS/LC/MS mass spectrometry. Alignment of Sat nucleotide sequences, of EAEC CV323/77 and DEC/Sat+, with *sat* of UPEC strain CFT073 (GenBank accession number: AF289092.1) identified two point mutations (GenBank accession numbers: LT855558 and LT855559). When compared to the reference strain ([Table 2](#pone.0228959.t002){ref-type="table"}), in both strains of this study the exchange were valine for alanine, both of the same group (position 669), and threonine for alanine (position 771), a polar amino acid substituted by an apolar. The fact that mutations occurred outside of the serine protease catalytic triad (histidine, aspartic acid and serine) do not assure the functionality of the protein. Mutation of amino acid residues at the non-active site may contribute to important conformational change \[[@pone.0228959.ref055]\]. However, regardless of the two mutations identified ([Table 2](#pone.0228959.t002){ref-type="table"}), the toxin secreted by DEC/Sat+ showed activity on cultivated cells ([Fig 5](#pone.0228959.g005){ref-type="fig"}). Interestingly, one of the mutations observed in the purified Sat (position 669) was also described in the Sat secreted by the probiotic strain Nissle 1917 \[[@pone.0228959.ref022]\].

We demonstrated that Sat enters into polarized intestinal cells ([Fig 6](#pone.0228959.g006){ref-type="fig"}) and induces cell detachment in a time dependent manner ([Fig 5A](#pone.0228959.g005){ref-type="fig"}), interfering with actin filaments ([Fig 5D](#pone.0228959.g005){ref-type="fig"}).

The presence of Sat in UPEC supported further studies using kidney and bladder cells, which could allow to study the toxin's mechanism of action and its possible cellular targets \[[@pone.0228959.ref010]--[@pone.0228959.ref012]\]. Similarly, the description of Sat in DAEC conducted to studies using polarized intestinal cells, which described increased paracellular permeability that could contribute to bacterial translocation \[[@pone.0228959.ref018],[@pone.0228959.ref022],[@pone.0228959.ref054]\]. Currently, our group and others have observed high prevalence of *sat* in strains isolated from bacteremia \[[@pone.0228959.ref023]\]. Moreover, *sat* was also identified in an isolated strain of fatal meningitis \[[@pone.0228959.ref024]\].

The finding of *sat* in strains isolated from different sites of infection raises the idea that Sat may have some relevance in addition to its role in the urinary and gastrointestinal infections \[[@pone.0228959.ref056]\]. To investigate this possibility, Sat was employed in a comparative study of the toxin action on cells from the urinary tract (Y1 and LLC-PK1), gastrointestinal tract (Caco-2) and endothelium (HUVEC), as representatives of different niches in which *sat*^*+*^-positive *E*. *coli* strains have been identified. Our results showed that the toxin activity differs in terms of induced damage and the required contact time ([Fig 7](#pone.0228959.g007){ref-type="fig"}). The action of Sat was more prominent in HUVEC cells. The morphological effect that was similar between urinary and gastrointestinal tracts derived cells was also higher in the endothelial cells incubated for a shorter time ([Fig 7B](#pone.0228959.g007){ref-type="fig"}).

Although present, the detachment of Caco-2 cells was the lowest when compared to the other lines, since the observed damage was more like \"cell shrinkage\" than detachment *per se* ([Fig 7A](#pone.0228959.g007){ref-type="fig"}). Sat in colorectal adenocarcinoma Caco-2 cells induces redistribution of the ZO1, ZO3 and occludin proteins leading to an increase in intercellular permeability \[[@pone.0228959.ref018]\]. Interestingly, the detachment of Caco-2 cells infected by the pathogenic strains that secrete Sat was higher ([Fig 3C and 3D](#pone.0228959.g003){ref-type="fig"}) than the observed in Caco-2 cells incubated with the purified toxin ([Fig 7B](#pone.0228959.g007){ref-type="fig"}). Pathogenic bacteria can carry other virulence factors that could enhance the damage during infection. In both cases, in infection and in incubation with purified Sat, PMSF and anti-Sat antibody significantly inhibited cell detachment confirming that the observed damage was due to Sat (Figs [3A](#pone.0228959.g003){ref-type="fig"} and [5C](#pone.0228959.g005){ref-type="fig"}). On the other hand, the cell detachment observed in Y1 and LLC-PK1 lines was similar (about 50% cell detachments) ([Fig 7B](#pone.0228959.g007){ref-type="fig"}). Even so, Y1 cells were more sensitive to Sat as the same cell detachment was observed with shorter incubation time ([Fig 7B](#pone.0228959.g007){ref-type="fig"}). In kidney and bladder cells, Sat interacts with fodrin, which is associated with F-actin \[[@pone.0228959.ref011]\]. This could explain the cell detachment observed in cell lines derived from the urinary tract.

Here we demonstrate that Sat enters polarized Caco-2 cells ([Fig 6](#pone.0228959.g006){ref-type="fig"}), interferes with F-actin ([Fig 5D](#pone.0228959.g005){ref-type="fig"}), which probably impairs focal adhesion, favoring cell detachment ([Fig 5B](#pone.0228959.g005){ref-type="fig"}). However, polarization of Caco-2 cells may be an important aspect in reducing cell detachment when compared to other cell lines ([Fig 7](#pone.0228959.g007){ref-type="fig"}).

Moreover, our results showed that HUVEC cells are the most sensitive cell line to Sat ([Fig 7](#pone.0228959.g007){ref-type="fig"}). Increased sensitivity of endothelial cells to Sat and the high prevalence of *sat* in bacterial strains isolated from blood may have a relevant role in the pathogenesis of sepsis. Bacteria isolated from bacteremia frequently reach the bloodstream as a result of a urinary tract infection or intestinal translocation. Thus, a particular virulence factor could play a distinct role depending on the niche of the infection. Here, we suggest that Sat may also play a role in niches other than the intestinal and urinary tracts. However, once the bacterium reaches the bloodstream, the importance of the toxin in the pathogenesis seems to be exacerbated. Studies on the mechanism of action of Sat in endothelial cells and with bacteria isolated from septicemia are being performed by our group.
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